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SHOCK INDUCED DISSOCIATION OF POLYETHYLENE?

<. E. MORRIS, E. D. LOUGHRAN, G. ¥ MORTENSEN, G. T. GRAY 111, and M. 5. SHAW,

Los Al-mos National Laboratory, Los Alamos, NM 87545 USA

i i i i i . i vformed. Cylin-
To identify the physical processes occurring on the Hugoniot, Hh()('.k-.r(‘( overy experiments were pe )
drical reczvery systems were used that enabled a wide range of smglwshoc!( Hugoniot states to be examined.
Mass spectroscopy was used to examine the gaseous dissociation products. X-ray and TEM measurements were

made to chararcterize the post-shock carbon structures.

A dissociation product equation of state is presented

to interpret the observed results. Polyethylene (PE) samples that were multiply shocked to their final states
dissociated at muck higher preszures than single-shocked samples.

1. INTRODUCTION

Polyethylene (PE) (-CH2-CH3-), is used in a va-
riety of applications where a material of low shock
mpedance with excellent insulating properties is re-
ired. Carter and Marsh! (CM) observed a high-
yressure phase transition on the Hugoniot, which they
mstulated to be a solid-solid phase transition into a
etragonally bonded carbon structure. Alternatively,
tee? suggested this transformation was a dissociation
caction to carbon in the diamond phase and hydrogen
n a condensed molecular phase. To investigate the na-
ure of this phase transformation, shock-recovery ex-
wriments  were  performed on both  single-  and
nultiple shocked PE samples.

CEXPERIMENT

To identify the phenomenology occurring along the
iugoniot, it is crucgal to duplirate these single-shock
tates A recovery assombly that produces single
hock staten s shownom Fig. 1. A LS mm diam, bl
un dong, hiph density (0.954 mn,/rm:') P'F sample i
laced ina 6,35 min diam brass tube. This tube s
laced into a second stanless steel (SS) tube vhat s
27 mm diam NS end plugs are welded mnto place to
rovide avaal confinement and to henmetically seal the
ipsule To prevent excenaave heating of the PE duning,
elding the capsule warn cooled ta kee; the 1'E near
mbient conditions Phee caprile was then plued to
phrwood b along with another thick walled sreel
e U e vde diarm, 91 m outade dian) The

iter teel tahe provudes o resepvont tor mitramethane

ILhie work wan supported by the US Departient of
I nierys

_1 .o Detonat or

VoL L L,

Det osheet (O

Yteel
Tubing

NM
txplosive

N %

Hrauy
Cyl:nder

A TS
I P lywoad Haue

FIGURE L
Cylindrical recovery system, A sweeping detonation
wave in nitrognethane (NM) produces a steady state
Mach compression wave in the polyethylene (I'E) sam
|i||'

NM) and alonertial continement ) so that a tam
e of explosive s tequired. To detonate the NM twe
1% mim thuk sheets of Detasheet € aie placed on o)
ol the oyhinder and detonated with an FEBW detona
o that was coentered on the cvlinder For Detasiest D
and Comp U, these explosives were alvo placed sy
ettt ally around the tecoverny capnule and detopate!
an ant For theee explosives, meroursy was peed to i
ar the space hetween the outer conhinement tabe anee

Che capnale In the manner, suitable canfinerment wa



wided without having to machine parts to close tol-
nces. NM, Detasheet 1), and Comp C were used
:ause these explosives did not have to be machined.
is allowed us to make inexpensive recovery systemas.
e detonation velocities also spanned a sufficient ve-
ity range so that ’E could be shocked to states both
we and below the transition pressure.

As the detonation wave travels down the cylinder,
imately a steady state Mach compression wave is
med. The evolution to steady state and the diame-
of the Mach disk relative to high explosive (HE) has
m examined for some cylindrical geon:etries.3 The
ady state ph.se velocity of this Mach compression
ve is equal to the detonation velocity of the explo-
» and is independent of the contents of the com-
ssed capsule. If the EOS of the sample is known,
peak pressure in the Mach disk for one-dimensional
)) flow can be calculated from the detonation veloc-
of the explosive, because this is the shock velocity
the Mach disk that results in the compression of
. In our experiments the diameter of the Mach disk
s made equal to or greater than the diameter of the
nple cavity by suitable choice of explosive thicknesa
1 outer confinement. For this geometry there is not
imple relationship between Mach disk velocity and
nple pressure because the Mach disk compreasion is
longer 1. The Mach disk pressure was varied by
ng explosives with different detonation velocities.
“our experiments, NM, Detasheet D, and Comp €
¢ used Their detonation velocities are respectively
2 km/s, 7.2 kin/s, and 8.0 kin/s. The Mach disk
asure in these particular experiments will be dis-
sed later.

One probles encountered in recovering hermeti
ly sealed capsules was that, when the compression
ve reached the end plug, a reflected shock was trans
ted back into the sample due to the mismateh in
wh impedances hetween S8 and PE. For Detasheet
ind Comp C the reflected shack in the S5 end plug,
slarge enough to put the outer confinement tube 1
icient 1ension to cause talure For these two maore
tRetic explosives, their thickness was held constant
6H% of the caprule length andd then tapered to ze1o
kness at the end of the capasule This modifica
vreduced the amphtude of the ttansimitted shock
‘hat hermetically sealed caprules could be routinely
overed

To exatmne compre—aon cugves where the temper

te aneteane i dess than on the pnincpal Hugonmot,

1D experiments could be performed where PFE is sand-
wiched between two steel plates. An alternative ap-
proach we used was to make composite PE/Cu sam-
ples, because these composite samples could be casily
employed in our present cylindrical capsules. Copper
particles, 18-um-diam, were uniformly distributed in
PE. A volume per cent of PE/Cu that could easily be
processed was 57.3% PI2/42.7% Cu. This composite
sample and the sandwiched sainple have similar dy-
namic behavior in that the final shock state is a re-
sult of a multi-shock process. This is the major factor
in the reduction of temperature increase during shock
loading. Of lesser importance is the heat conduction
between the colder Cu particles and the hotter PE af-
ter the passage of the Mach wave. Similar conclusions
on temperature increase can be reached using mixture
EOS theory.

3. RESULTS

Recovery experiments on PE showed that the HP
phase transition was related to the irreversible disso-
ciation of the polymer chains into a dense molecular
phase To determine the molecular compaosition of the
dissociation products a manss spectrometer (MS) was
used. Initially, the dissociation products to be ana-
lyzed were contained in the recovery capsules at --1.5-
GPPa (250,000-1b/in?) preasure. To tranafer these gases
from the recovery capaules to the MS, a special lixture
was designed and built, Some gas wan lost from most
of the recavery capsules during the initial extraction
procedure wihen the capsule was punctured. There-
fore, for most of our experiments the absolute number
of moles of gas in the recovery cansule could not be
determined. MHowever, the relative molar concentra.
tions of the constituents wers determined with excel
lent predision. A summary of the experimental results
in presented in Table L Using, the EOSN data of €M and
the detenation velodities of the explosives, the Madch
disk pressure under steady state 1D compression are
tespectively V3.3, 190, and 25¢ GPa The relative
molar concentrations of the desociation proda tsare
hated for each experinent

NM, Detasheet D and Comp € were aluo aned (o
shock compress. the compoute PECa samples For
these experinents the diameter of the Mach dish was
approxtnately 120 to 12 the sample diatineter Conse
quently, as will he explaimed later, a 1D campression ol
the sarnple occurred in the Mach disk Uang o nisture
FOSY fon the compoate PECu ataples Sample den



y 4.34 gm/cm®), Mach disk pressures for the above
plosives are respectively 68, 95, and 124 G1’a. The
lative molar concentrations for these experiments are
io listed in Table I. It is evident that dissociation
curs at a much higher pressure for these multinle-
ocked states than for single-shock states. This is
graphic illustration that temperati:re, not pressure
rain), is the dominant va iable influencing dissocia-
m.

phase whose structure did not match any knowa dia-
mond or graphite phase. The lattice spacings mea-
sured revealed a hexagonal structure with a  8.95,
b 8.95, and ¢
“b™ spacings measured are consistent with the Chlaoite

2.81 angstroms. These “a™ and

phase,® however, the “c” lattice parameter is a curious
multiple of five smaller.

Table L. Polyethylene dissociation products from cylindrical recovery experimnents.

P(GPa)
Nample Explosive 1 D/CMD
PE- 1688 NM 1318
PE-1741 NM 13718
PE-1670 Detasheet D 19727
PE-1738 Detasheet D 19727
I"E-15%0 Detasheet D 12/27
PE-1662 Comp ¢ 25/40
PE-1737 Comp € 25740
PE. Cu-1735 NM GR/-
PE-Cu-1762  Detasheet D uh;-
PE Cu- 1763 Comp ¢ 124/-

Dissociation Products (mole %)

CH, Hp Callg Cally Other
No dissociation
No dissociation
86 O 4 0 1
ki 1 13 4 2
Tv 4 13 4 3
82 1€ 1 0 |
K1 5 10 3 1
No dissociation
N4 | 10 2 4
70 $ 13 K] 11

The solid residue from the shock-loaded polyethy-
r was metallurgically examined to characterize its
wture and morphology.  The residue was charac-
zed utilizing X ray diffractometry and Transmis-
1 Electron Microscopy (TEM). Bulk x ray analy:is
Jie shoek producis revealed that the residue i a
1posite of several constituents, sone of which corre
nd to the structure of the starting polyethylene ma-
al. X ray analysis conchevely ruled out the pres
¢ of either cubic or hexagonal diamond or hexag-
| graphite. TEM exanunation of the polyethylene
due was conduc ted to deterizune the morphology of
products and furtiier examine the tine scale strud
uming, selected area diffraction (SAD) technigques
overall morpholopgy of the shack residue was lound
The bulk ol the

Lae wan tound to e agqnorphous carbon *soot™ pag

onust ol several components

e the form of small elhipsonds most often in
nn Math the <we aned chan hike morphology are
lar to previons studies on carthon ot sach an
pblack  The «lliprondal woot particles had dien
o« between 04 and ON o In addition ta the soat
i es, snaldl chiunke of a de er phase were often
W The denser chunbks had peneral overall dimen

sol 0 d o dan SAD analveacshowed a cnyvatalline

DISCUSSION
The Mach compression waves in our eylindrical re

covery systems are inherently stable after a few diam.
eters of run. A typical assumption is that the Mach
disk pressure can be calculated from the Hugzoniot
equations, since 1D flow is assumed. For cases where
the Mach disk (MD) diameter is less than the sam

ple diameter, as in our PE/Cu recovery experiments,
this assumption s valid.  Unflortunately, in the Pk
recovery experiments the MDD diameter excecied the
sample diameter. When this oceurs, a stable conver

rent Mach compression wave is formed. The samph
pressure for these “aver driven™ Mach waves (MW)
vaties with sample diameter for a given sxplosive thack

ness The vanation of the MD pressure for our pro
totype Camp C recovery system s given in Fig, 20 In
this example the sample was poly methylmethacrylate
(IPMMA) and o two dunensional (2D) Fulenan code
wan nsed to caloulate the result For MW dane
ter s lees than the sample diameter the pressare equal-
A GPaL the 1D Hugomet pressore for ths shock

detonation velocity With decpeanang, sanpie durne
ver, the MW diineter ultiately, becomes lapger than
the wample diameter: When thivocours, the MW e

~uare monotonp ally imcreanes with decreasang, saanple



liameter until the Hugoniot pressure (157 GPa) in SS
s reached that corresponds to the shock velocity equal
o the Comp C detonation velocity. This maximum
ressure condition corresponds to zero sample diame-
er.
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FIGURE 2
fach disk pressure variation with PMMA sample di-
meter for a given capsule/explosive geometry.

It is important to emphasize the steady state MW
elocities in all these calculations are equal to the det-
nation velocity of Comp C. The only difference is that
r MW diameters greater than the sample diameter
1e Mach compression wave changes from a quasi 1])
nnpression wave Lo a convergent compression wave.
he calcalated MW pressures in our P'E recovery ex-
eriments are given in Table 1. In all cases the con-
rrgent Mach disk (CMD)) pressures are considerably
eater than the 1D MW pressures. CM cbserved a
igh-pressare phase transition in PE at approximately
» GPa. This is in agreement with our recovery re-
tits if the CMD pressures are used rather than the
D Hugoniot pressures.

A theoretical EOS model was used to caleulated
e shock /release hehavior of PE The dissociation
‘oducts were intentionally restruted to he carbon,
2, and CHyg, because accurate potentials were avail
e for these products It was observed that smiall
ianges in nwlecular potentials altered the calealated
snociation, products sipgnificantly However, the
ends discusaed below stull apply On the I'E Hugo
ot the « wulated inperature was 1,470 K at 25 GPa
i ncreased 1o 2700 K at 50 GP'a Over the same
essure range, the relative molar compasition of Hy,
Hy changed Liom 0477 99 6% to 19 /98 1% In

easing temperature favors Hy over CHyg Molar o

-y . ' -
positions were also calculated on release isentropes

cver this same Hugoniot pressure range. Only triv-

ial changes in the molar concentration were observed

upon release to the initial volume. In the absence of

any strong reshocks, the composition of the products

observed in the recovery capsules is indicative of the
composition on the Hugoniot. However, our 2D) Eu-
lerian calculations showed reshocks of the order cf 2

to 3 GPa. These reshocks could result in a significant

temperature increases because the PV work could be
significant. If this is the case, the Hy concentration
would be expected to increase due to the large temper-

ature increase associated with these reshocks. In mak-

ing comparisons between calculations and experimen-

tal results, an inherent uncertainty is present because

one does not know when chemical reactions freeze out

as the sample cools. In general, however, the observed

dissociation products and theoretical calculations are

in good qualitative agreement,
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